The global emergence of drug resistance in malaria is impeding the therapeutic efficacy of existing antimalarial drugs. Therefore, there is a critical need to develop an efficient drug delivery system to circumvent drug resistance. The anticoccidial drug monensin, a carboxylic ionophore, has been shown to have antimalarial properties. Here, we developed a liposome-based drug delivery of monensin and evaluated its antimalarial activity in lipid formulations of soya phosphatidylcholine (SPC) cholesterol ( 
M
alaria is caused by the protozoan parasite Plasmodium, transmitted through the bites of infected female Anopheles mosquitoes to humans. Of all the species in its genus, Plasmodium falciparum is the most virulent and lethal human malarial pathogen that causes cerebral malaria. Unfortunately, it is developing varied degrees of resistance to available antimalarial drugs (1) . Currently, artemisinin-based monotherapies show early clinical resistance toward P. falciparum in various parts of Southeast Asian countries, mostly on the Cambodia-Thailand border (2, 3) . Clinical resistance is attributed to the slow clearance of parasites in response to artemisinin-based therapies (4) (5) (6) (7) . In particular, individuals coinfected with HIV and P. falciparum and Plasmodium vivax strains are unresponsive to this treatment (8) . The development of clinical drug resistance in malarial parasites poses a major obstacle in conventional chemotherapy (9) . Importantly, the overuse of chloroquine (CQ) for Plasmodium infection treatment leads to quinolone resistance in commensal Escherichia coli strains in humans (10) . To obviate drug resistance, efforts are being made to develop artemisinin-based combination therapies (ACTs), develop new drugs, and improve the efficiency of drug delivery vehicles of existing antimalarial drugs.
Monensin, a polyether antibiotic ionophore, has been shown to exhibit antimalarial activity against P. falciparum in vitro (11, 12) and Plasmodium vinckei petteri and Plasmodium chabaudi in vivo (12, 13) . This ionophore carries Na ϩ across intracellular organelle membranes and facilitates the exchange of H ϩ . This results in elevated Na ϩ concentrations in parasite vacuoles, with an increase in intralysosomal pH and lysosomal protein degradation (14) . It also exhibits divergent activities, such as antitumor effects (15, 16) and potentiation of immunotoxins (17, 18) , and it is an antibacterial (19) and anticoccidial agent for the treatment of avian coccidiosis (20) . However, due to the strong hydrophobic and lipophilic nature of monensin, it was either administered in ethanolic solution, in a dimethyl sulfoxide (DMSO) solution, conjugated with serum albumin (21) , or emulsified in gum Arabic and Tween 80 (12) . These agents, however, are inappropriate for clinical use.
Liposomes have been used as potential delivery vehicles for hydrophobic drugs (22, 23) . Drug delivery systems based on liposomes have been shown to protect drugs, increase their therapeutic index, prolong their systematic circulation time, lower intrinsic toxicity, and reduce immunogenicity (24, 25) . We have developed liposomal formulations of monensin that were shown to potentiate the toxicity of ricin in animal models (26) . In malaria, merozoite surface protein 1 (MSP-1) entrapped in liposomes has been used as a vaccine (27) . Liposomes containing glycolipids with terminal galactose or glucose on the surface when injected into Plasmodium berghei sporozoite-infected mice prevented the appearance of asexual stages and hepatic infection (28) . To overcome mild drug resistance, liposomes were used to deliver chloroquine for the treatment of CQ-resistant malaria (29) . Liposomes bearing infected erythrocyte-specific antibodies have been used for the targeted delivery of chloroquine (30) . However, no lipid-based nanoformulations for hydrophobic antimalarials have been reported. Based on these studies, we hypothesized that liposomes could serve as an efficient and safe delivery vehicle for hydrophobic antimalarial drugs. However, the relatively short half-life of these liposomes is a major challenge for use in vivo. Therefore, we tested the antimalarial activity of monensin in long-circulating sterically stabilized liposomes (SSL) with distearoyl phosphatidylethanolamine-methoxy-polyethylene glycol 2000 (DSPEmPEG 2000). The present investigation focuses on the development of an effective liposomal delivery for monensin and an evaluation of antimalarial activity on various blood stages of P. falciparum (3D7) in vitro, in murine malaria induced by P. berghei NK65 and lethal strain P. berghei ANKA, and in combination therapy with free artemisinin. This study demonstrates our proof of concept of using liposome-mediated delivery of hydrophobic antimalarial drugs.
MATERIALS AND METHODS

Materials.
Soya phosphatidylcholine (SPC) was obtained as a gift from Lifecare Innovations Pvt. Ltd., Haryana, India. Monensin sodium salt (MON), cholesterol (Chol), stearylamine (SA), artemisinin (ART), chloroquine diphosphate (CQ), coumarin-6, calcein, DAPI (4=,6-diamidino-2-phenylindole), gentamicin sulfate (cell culture grade), and Histopaque-1077 were purchased from Sigma-Aldrich (St. Louis, MO, USA). L-␣-Phosphatidic acid (PA), DSPE-mPEG 2000, and NBD-PC (1-palmitoyl-2-sn-glycero-3-phosphocholine) were purchased from Avanti Polar Lipids, Inc., AL, USA. Powdered RPMI 1640 medium, AlbuMAX II, and octadecyl rhodamine B (R18) are Gibco products from the Invitrogen Corporation. Hypoxanthine monohydrochloride ([ 3 H(G)]) was bought from American Radiolabeled Chemicals, Inc., St. Louis, MO, USA. All other chemicals were analytical-grade products.
Animals. All animal experiments were performed in female Swiss albino mice (4 to 5 weeks old, weighing 25 to 30 g). These mice were obtained from the laboratory of Lala Lajpat Rai University of Veterinary and Animal Sciences, India, and maintained in our animal facility at the University of Delhi South Campus, New Delhi, India. The animals were housed under standard controlled conditions at 25°C with a 12-h lightdark cycle and access to sterilized food pellets and water. All experiments were carried out in accordance with the standard procedures approved by the Animal Ethics Committee of the University of Delhi South Campus, under the Control and Supervision of Experiments on Animals (CPCSEA), Ministry of Social Justice and Empowerment, Government of India.
Preparation of liposomes. Liposomes were prepared using soya phosphatidyl choline (SPC) and cholesterol (Chol) in a molar ratio of 7:3 by manual shaking. Briefly, the lipids (total, 200 mol) and monensin (10 mol% of the lipid mixture) were dissolved in a chloroform solution. To prepare other formulations, 10 mol% either phosphatidic acid (PA) or stearylamine (SA) was added during the preparation of lipid film. The dried lipid film so obtained was desiccated overnight and then was hydrated with 20 mM sterile phosphate-buffered saline (PBS), stored under a nitrogen atmosphere, and sonicated. For the preparation of sterically stabilized liposomes (SSL) with different molar percentages of DSPEmPEG 2000 (0.5, 2.5, and 5 mol%), which was added during the preparation of lipid film. For fluorescent labeling of the liposomes, NBD-PCcoumarin-6 -octadecylrhodamine B (R18) was dissolved, along with lipids containing 1 mol% in each formulation and 80 mM calcein added to the lipid suspension. Liposomal monensin was separated from the unentrapped monensin, undispersed lipids, and calcein by centrifugation at 1,956 ϫ g and 4°C for 15 min and further subjected to ultracentrifugation at 11,800 ϫ g for 1 h. The liposomal suspension was assayed colorimetrically for the presence of monensin, according to the method described in reference 31. The recovery of liposomes was determined colorimetrically by measuring phospholipids using Stewart's method (32) .
Determination of size distribution and zeta potential of liposomal monensin using dynamic laser light scattering. The liposome size (in nanometers) and zeta potential () were measured using a Zetasizer Nano ZS (ZEN 3600; Malvern Instruments, Worcestershire, United Kingdom). For the measurements, 10 l of sample suspension was dispersed in 990 l of PBS and sonicated for 1 min. The parameters set for analyses were a scattering angle of 90°and a temperature of 25°C. For each sample, the mean diameter and the standard deviation of 10 determinations were calculated using multimodal analysis. The zeta potential was measured by a combination of laser Doppler velocimetry and phase analysis light scattering (M3-PALS) technique at 25°C.
Transmission electron microscopy of various liposomal formulations containing monensin. The sample preparation was performed by taking 10 l of diluted liposomal suspension placed upon 300-mesh carbon-coated copper grids under sterile conditions and air drying for analysis (Polysciences, Warrington, PA). The liposomes were visualized under a Tecnai G2 T30 U-TWIN electron microscope, and images were obtained using a digital imaging software at different magnifications.
In vitro culture of P. falciparum. The strain of P. falciparum used in the study was 3D7, obtained from Suman Dhar's laboratory at the Special Centre for Molecular Medicine (Jawaharlal Nehru University, New Delhi, India). The whole Oϩ blood was obtained from the Rotary Blood Bank, New Delhi, India. This strain was maintained by serial passages in human erythrocytes cultured at 4 to 5% hematocrit in RPMI 1640 medium supplemented with 0.5% AlbuMAX II and gentamicin sulfate (here referred to as complete RPMI 1640) and incubated at 37°C under an atmosphere of mixed gas (5% CO 2 , 5% O 2 , and 90% N 2 ). The red blood cells (RBCs) were obtained under sterile conditions by the removal of plasma and peripheral blood mononuclear cells (PBMCs) using a Histopaque gradient; the RBCs were washed 2 to 3 times using RPMI 1640 without AlbuMAX II (incomplete media).
Evaluation of antimalarial activity of monensin in various liposomal formulations in vitro. The effect of monensin in various liposomal formulations in vitro was evaluated by checking its ability to inhibit the incorporation of a radiolabeled precursor, [ 3 H]hypoxanthine, in the nucleic acids of parasites. In brief, asynchronous P. falciparum cultures were maintained in complete RPMI 1640 and plated on 96-well microdilution plates (4% final hematocrit and 2% parasitemia) in a total volume of 200 l and incubated with different concentrations of liposomal monensin in RPMI 1640. The synchronization of erythrocytic stages in culture was carried out using 5% sorbitol (52) . After 24 h of incubation at 37°C, 20 l of 0.2 Ci/well [ 3 H]hypoxanthine was added to each well for an additional 18 h. At the end of incubation, the contents in each well were harvested on a glass-fiber filter mat using a 96-well Skatron semiautomated cell harvester. The [ 3 H]hypoxanthine uptake, an index of cell viability, was measured by transferring the paper disc to a scintillation vial containing 5 ml of a toluene-based scintillation cocktail and counted in a PerkinElmer liquid scintillation analyzer ␤-counter (TriCarb 2900TR). The 50% inhibitory concentrations (IC 50 s) were determined from parasite-associated radioactivity by plotting the drug concentration versus the percentage of cell viability of the parasite after 42 h of a growth assay period. All data points were collected in triplicate for each experiment. The drug interaction studies were calculated using the formula for the 50% fractional inhibitory concentration (FIC 50 ) values of each drug: IC 50 for drug in combination/IC 50 for drug alone.
Development of murine model of rodent strains. For the experimental infections, a murine model of malaria was developed by intraperitoneal (i.p.) injection of 10 5 to 10 7 rodent-specific P. berghei NK65-infected (noncerebral)-and P. berghei ANKA-infected (cerebral malaria) erythrocytes to healthy Swiss albino mice weighing 25 to 30 g. Parasitemia was monitored routinely by continuous weekly blood passages of parasitized erythrocytes (PE) from infected to naive mice, and survival was checked over a period of 2 weeks.
In vivo antimalarial study. To examine the therapeutic efficacy of various liposomal formulations of monensin, a murine model of malaria was developed by i.p. administration of standard inoculum of two rodent strains of P. berghei NK65 and P. berghei ANKA carrying 1 ϫ 10 7 parasitized erythrocytes per 200 l volume to each experimental Swiss albino mouse. The in vivo antimalarial activity of monensin in various liposomal formulations was carried out in accordance with a slightly modified version of the Peter's 4-day suppressive test (33) . The animals were assigned to each group. Subsequently, after 48 h of postinfection, the parasitemia level reached 1 to 2%, and all groups of mice were treated by subcutaneous (s.c.) injection with free and liposomal monensin in a dose-dependent manner with 2, 4, 6, or 8 mg/kg of body weight and free artemisinin (ART) at 10, 20, or 40 mg/kg of body weight given in a combination treatment. One group was kept as a control and treated with physiological saline. The efficacy of the treatment was monitored by measuring the parasitemia and survival on days 5, 8 and 15 posttreatment by obtaining thin smears of blood drawn from the tail vein of infected mice and staining with 10% Giemsa. The level of parasitemia was determined by counting infected and noninfected erythrocytes from 10 to 15 randomly selected optical fields at 100ϫ magnification and expressed as the number of infected erythrocytes per 100 erythrocytes. The survival of mice was recorded and observed for external symptoms, such as change in body weight, ruffled fur, lethargy, and paralysis, until 30 or 40 days posttreatment. The reduction in the level of parasitemia was taken as the index for the curative activities of the drugs. The percentage of parasitemia was calculated manually with the Cell Counting Aid software (34), using the formula (total no. of parasitized RBCs)/(total no. of RBCs) ϫ 100.
Histopathological evaluation. For histopathological examination, representative samples of liver tissue were excised from P. berghei NK65-infected mice on day 15 postinfection, which had 40 to 50% parasitemia in the untreated group. The treated group was administered four doses of 8 mg/kg of body weight of free monensin and various liposomal formulations containing monensin, as described earlier; liver tissue was collected aseptically. The tissue samples were fixed in 10% neutral-buffered formalin for analysis. Further, formalin-fixed and paraffin-embedded tissues were used to prepare 5-m-thick sections, and these were stained with hematoxylin and eosin (H&E). The tissue samples were coded and analyzed by a certified pathologist with no knowledge of the experimental groups. Tissue sections were evaluated by light microscopy, and the images were taken using the 400ϫ objective of a Leica DM5000 microscope. The whole-liver section was examined to determine the presence of hemozoin pigment deposits and other morphological features.
Assessment of plasma clearance and biodistribution of monensin in various liposomal formulations labeled with a fluorescent surface marker (NBD-PC) in normal and infected mice. Biodistribution studies were performed in normal mice and mice infected with P. berghei NK65 on day 10 postinfection, as described earlier, using three animals in each group. All mice were administered subcutaneously a single dose of fluorescently labeled NBD-PC with various liposomal formulations containing monensin. Each group of mice was sacrificed at different time intervals (1, 4, 12, 24 , and 48 h) after the injection of the liposomal formulations. Blood was drawn in tubes containing heparin (50 units/ml) to obtain plasma, and various organ tissues (liver, kidney, spleen, lungs, and brain) were excised and washed with saline. The obtained plasma and tissue samples were homogenized using chloroform-methanol (2:1), centrifuged at 7,826 ϫ g for 30 min, and the supernatant was analyzed for the presence of NBD-PC by monitoring the fluorescence intensity in a spectrofluorimeter (Varian Cary Eclipse) at excitation and emission wavelengths of 460 and 534 nm, respectively. The uninjected liposomes from normal and infected animals were used as a control. The fluorescence values in the experimental mice were corrected for any endogenous fluorescence.
In vitro and ex vivo uptake of fluorescently tagged liposomal formulations by P. falciparum 3D7 in culture and P. berghei NK65-infected erythrocytes. To detect the uptake of SA liposome and PEGylated liposomal monensin in both P. falciparum-infected erythrocytes and uninfected erythrocytes, the coumarin-6-labeled liposome fluorescent marker was used. In brief, P. falciparum-infected erythrocytes (10% hematocrit and 10% parasitemia) were incubated in the presence of liposomal formulations. The uptake in erythrocytes was assessed at different time intervals (15, 30, 60, 120 , and 240 min) under asynchronous culture at 37°C. At the end of the incubation, the cells were washed twice with incomplete RPMI 1640 medium to remove unbound liposomes, and the obtained RBC pellet was resuspended in chloroform to extract intracellular fluorescence, which is released into the supernatant. The fluorescence intensity of coumarin-6 from the RBC extract was measured using a Varian Cary Eclipse spectrofluorimeter, with excitation and emission wavelengths set at 460 nm and 495 nm, respectively. To further investigate the uptake of liposomes by parasite-infected erythrocytes, liposomes were dually labeled with the fluorescent dye octadecylrhodamine (R18) as the lipid dye and calcein as an aqueous fluorophore. An ex vivo uptake study was conducted in heavily parasitized P. berghei NK65-infected mouse erythrocytes, which were stained with 1 g/ml DAPI and incubated for 15 min at 37°C. The stained cells were visualized by fluorescence microscopy (Nikon Ellipse Ti-S) at 100ϫ magnification.
Hemolytic assay. The toxicities of various liposomal formulations in normal and infected erythrocytes were assessed by measuring the lysis of RBCs in the culture medium. Different concentrations of free monensin and various formulations of liposomal monensin were added to normal RBCs at 4% hematocrit and infected RBCs at 4% hematocrit and 2% parasitemia, as reported earlier (35) .
Statistical analysis. For the in vitro studies, the data are presented as the mean Ϯ standard error of the results from at least three independent experiments. For the in vivo experiments, statistical differences between two groups were determined by Student's t test and between multiple groups using one-way analysis of variance (ANOVA), with P values of Ͻ0.05, by GraphPad Prism (version 5.01; GraphPad Software, Inc., CA). The survival of the mice was followed up to day 30 or 40 postinfection using Kaplan-Meier survival analysis, and statistical differences in animal survival were analyzed by a log rank test.
RESULTS
Determination of size and zeta potential of monensin in various liposomal formulations. The size (in nanometers) and surface charge ( potential) of various liposomal formulations were determined using dynamic laser light scattering (DLS) and suspended in phosphate-buffered saline, as shown in Table 1 . The mean diameter ranging from 90 to 120 nm was obtained in all liposomal formulations. The change in surface zeta potential () values was dependent on the incorporation of charged lipids (SA and PA) and the different densities of DSPE-mPEG 2000. It was shown that an increase in PEG polymer (0.5 to 5 mol%) on the surface resulted in sharp decrease in -potential values.
TEM studies of various liposomal formulations containing monensin. Transmission electron microscopy (TEM) is the most extensively used experimental technique, which provides two-dimensional images of nanosized particles. TEM enables one to obtain general information on particle morphology and precisely evaluate size distribution in two dimensions. The liposomal formulations predominantly consist of unilamellar vesicles in the size range of 90 to 120 nm, as observed in the TEM images. The two techniques (TEM analysis and DLS measurement) showed a similar pattern of particle size and spherical morphology, as shown in Fig. 1 .
Effect of monensin in various conventional and sterically stabilized liposomal formulations on the growth of P. falciparum 3D7 in vitro. The effect of monensin in various liposomal formulations on the growth inhibition of asynchronous P. falciparum 3D7 in culture was evaluated by the inhibition of the incorporation of [ 3 H]hypoxanthine in parasites. It was observed that the efficacy of monensin significantly depended on the composition of lipids and different densities of DSPE-mPEG 2000 on the liposomal surface. The IC 50 s for the growth of the parasites for liposomes with stearylamine, SPC:Chol, phosphatidic acid, and free monensin were found to be 0.74, 1.11, 2.98, and 3.17 nM, respectively ( Fig. 2A ). There was a significant reduction in parasite growth when monensin was delivered through stearylamine (SA) liposome, with 4.2-fold enhancement in antimalarial activity compared with that with free drug. However, placebo formulations without monensin/stearylamine had no antiplasmodial effects, whereas drug-free SA liposome exhibited an IC 50 of 5.56 M (data not shown). The developed formulations with monensin were superior to standard antimalarials, like chloroquine and artemisinin, displaying enhanced antimalarial activity (Fig. 2B) (Fig. 2C  and D) . On the other hand, monensin in positively charged SA liposome had no observable effect on the growth of parasites with an increase in PEG density, as shown in Fig. 2E . The maximum inhibition of growth of P. falciparum was observed when monensin was delivered through a PEGylated liposomal formulation (SPC:Chol) with 5 mol% DSPE-mPEG 2000 (Fig. 2C) . There was no observable hemolysis in both normal and infected RBCs at effective concentrations of monensin in liposomes (data not shown). These results clearly indicate that the inhibition of growth of P. falciparum is dependent on different lipid compositions and densities of DSPE-mPEG 2000 on the liposomal surface.
Effect of liposomal monensin with or without SA with 5 mol% DSPE-mPEG 2000 in combination with free artemisinin on growth of different stages of P. falciparum 3D7 in culture. The antimalarial activity of monensin (MON) loaded in liposomes with or without SA with 5 mol% DSPE-mPEG 2000 in combination with free artemisinin (ART) was assessed in different developmental stages of parasites. As shown in Table 2 , the combination of free MON plus ART at different ratios showed an additive interaction against 3D7, while monensin in SPC:Chol with 5 mol% PEG plus ART showed a reduction in IC 50 with an increase in ART dose. We previously reported that stearylamine (SA) has antimalarial properties (36) . Therefore, SA-bearing liposomal MON plus ART showed a more pronounced effect on parasiticidal activity compared with that in formulations without SA. ART alone at concentrations of 11, 22, 44.2, and 88.5 nM had a minimal killing effect. However, the observable impact on parasite growth was more prominent at the trophozoite and schizont stages than that at the ring stage. Notably, the intracellular delivery of liposomal monensin at a higher concentration to parasitophorous vacuoles of infected erythrocytes was attributed to strong antimalarial action in combination with free ART. Altogether, the combined therapy of SA-liposomal MON plus ART was found to be more effective on the developmental asexual life cycle of human malarial parasite.
Effect of different doses of monensin in various conventional liposomal formulations on P. berghei NK65 infection in Swiss albino mice. We assessed the antimalarial efficacy of monensin in free and liposomal forms using a modified version of Peter's 4-day suppressive test (37) . A murine model of malaria was developed by intraperitoneal injection of 1 ϫ 10 7 P. berghei NK65-infected erythrocytes. Monensin in various liposomal formulations was administered 48 h postinfection in mice. There was progressive decrease in parasitemia with increasing dose of monensin in different liposomal formulations (Fig. 3A) . On day 15, in the untreated group, the parasitemia level was found to be 40 to 45%. Parasitemia in mice treated with 8 mg/kg free monensin was 30%, whereas it was 10% for SA liposome, 12.8% for SPC:Chol liposome, and 14.5% for PA liposome; representative blood smears are shown in Fig. 3C . However, the placebo formulations without monensin/ stearylamine had no observable effect on the killing of parasites, whereas drug-free SA liposome at a dose of 5 mg/kg had marginal effect on the reduction of parasitemia to 37%. Therefore, the antimalarial properties of stearylamine in liposome in combination with monensin provokes enhanced killing of parasites. The median survival time of the treated group with SA liposome was 22.5 days, exhibiting a marked delay in death and survival, while that of the freemonensin-treated group was 16.5 days, and that of the untreated group was 15.5 days, as shown in Fig. 3B (P Ͻ 0.0001) .
Effect of incorporation of different chain lengths of DSPEmPEG in monensin-loaded liposomes on P. berghei NK65 infection in Swiss albino mice. It is well established that PEG can prolong the circulatory life of liposomes and that it depends on the surface density of the polymer and molecular weight (MW) of different PEG chain length on the surface of liposomes (38) . The surface charge of PEGylated liposomes can be changed by varying the surface density and chain length of PEG. We have evaluated the effect of variations in PEG chain length (750, 1000, 2000, 3000, and 5000) with 2.5 mol% MW on the SPC:Chol liposomal monensin (8 mg/kg) of four doses against infected mice. On day 15 postinfection, there was progressive suppression at parasitemia levels of 16%, 13%, and 6% with increase in PEG chain length (750, 1000, and 2000, respectively). In contrast, high-MW chain length (PEG 3000 and PEG 5000) had parasitemia levels of 14% and 22%, respectively, compared with the untreated group (40 to 45%) (Fig. 4A) . The maximum reduction in parasitemia and clearance of parasite from the blood was found with the DSPEmPEG 2000 chain length. The median survival times of animals treated with different chain lengths of DSPE-mPEG, 750, 1000, 2000, 3000, and 5000, were 21, 22, 24.5, 22, and 20.5 days, respectively. The chain length of DSPE-mPEG 2000 extended the survival compared with other chain lengths, as shown in Fig. 4B (P Ͻ 0.05).
Effect of monensin in various liposomal formulations with or without SA with different densities of DSPE-mPEG 2000 on P. berghei NK65 infection in Swiss albino mice. Based on the above-mentioned results, the PEG 2000 chain length was found to be optimum, with maximum efficacy in delivering monensin intracellularly, where the parasite resides in the RBCs. Therefore, the antimalarial efficacy of monensin intercalated in various liposomal formulations with different densities of PEG 2000 was studied in P. berghei-infected mice, as shown in Fig. 5A . The infected mice were treated with four doses of 8 mg/kg in various liposomes loaded with monensin having different densities of PEG 2000. It was observed that the variation in PEG density significantly modulated the efficacy of monensin in liposomes in killing the parasites. Figure 5A shows the parasitemia on day 15 postinfection for the untreated group and liposomal formulations with different densities of PEG (0.5, 2.5, and 5 mol%) in SA liposome, SPC:Chol liposome, and PA liposome. All formulations exhibited a progressive decrease in parasite load with an increase in PEG density; representative blood smears are shown in Fig. 5C . However, monensin-loaded SA liposome with maximum PEG density (5 mol%) was the most effective, followed by SPC:Chol liposome with 5 mol% PEG. These results clearly underscore the role of lipid composition and optimal PEG density in improving the delivery of monensin in stearylamine liposome and consequent enhancement of efficacy against P. berghei infection. The median survival time of animals treated with PEGylated formulations (at 5 mol%) for SA liposome was 27.5 days, whereas that with SPC:Chol liposome was 23.5 days, and that with PA liposome was 22 days (Fig.  5B) (P Ͻ 0.01) .
Histopathological analysis. The P. berghei NK65 infection in mice reached parasitemia levels ranging from 40 to 45% on day 15 postinfection. The histopathological analysis of liver sections of the untreated group showed a heavy deposit of hemozoin pigment in Kupffer cells and periportal inflammatory cell infiltration. All For the determination of parasitemia in blood smears, 10 different random optical fields were counted and parasitemia calculated using the Cell Counting Aid software. ***, P Ͻ 0.0001, ANOVA; ***, P Ͻ 0.001, Student's t test. *, P Ͻ 0.01. treatment groups were given four doses of 8 mg/kg monensin in various formulations of liposomes. The free-monensin-treated group exhibited patterns of hemozoin deposit and inflammation similar to those of the untreated group. In contrast, liver samples from treatment groups with various conventional liposomal formulations exhibited a decrease in hemozoin pigment with reduced liver damage. Noticeably, the treatment group administered with liposomes with 5 mol% PEG 2000 displayed a marked reduction in hemozoin pigment with well-preserved liver morphology in comparison to the uninfected group, as shown in Fig.  6 . There was no observable pathological damage in liver (hepatomegaly), and there was a reduced parasite burden in all PEGylated liposomal formulation treatment groups. Therefore, our results show that PEGylated liposomes are highly effective in reducing the liver damage caused by P. berghei infection.
Effect of liposomal monensin with or without SA with 5 mol% DSPE-mPEG 2000 in combination with free artemisinin on P. berghei-infected mice. Stearylamine-bearing cationic liposomal monensin and SPC:Chol liposomal monensin at different doses (4 mg/kg and 6 mg/kg of body weight) with 5 mol% PEG 2000 was shown to have better efficacy in clearing the parasite burden in than other formulations. This led us to evaluate its efficacy in combination with free artemisinin (ART) at different doses (10, 20, or 40 mg/kg of body weight) in both strains of rodent malaria P. berghei ANKA and NK65 (Fig. 7A and B) . Different doses of each formulation of liposomal monensin were coadministered with different doses of free ART to infected mice. On day 15, there was a significant reduction in parasitic burden at a higher dose of free ART (40 mg/kg) coadministered with PEGylated SA liposome or PEGylated SPC:Chol liposome containing monensin (at 4 mg/kg or 6 mg/kg) compared to that with the untreated group (Fig. 7A) . All animals exhibited severe neurological symptoms and succumbed to death on days 8 to 10 (Fig. 7A) . Interestingly, a similar pattern was observed with P. berghei NK65 infection, which triggers a high level of blood-stage parasitemia in mice (Fig. 7B) . None of the drugs alone at the indicated doses completely cleared parasitemia. In contrast, PEGylated SA liposomal monensin in combination with ART (5 mg/kg SA ϩ 6 mg/kg MON ϩ 40 mg/kg ART) significantly enhanced the efficacy by reducing the parasite load in both strains of P. berghei with 100% survival (Fig. 7C ) (P Ͻ 0.0001). In addition, a significant reduction in parasitemia levels was observed at lower doses of ART (10 mg/kg and 20 mg/kg) in combination with monensin in liposomal formulations in both strains (P Ͻ 0.0001). Therefore, these results suggest that liposomal monensin in combination with artemisinin enhances therapeutic efficacy in both Plasmodium strains. Assessment of plasma clearance and biodistribution of monensin in conventional and sterically stabilized liposomal formulations using fluorescent surface marker NBD-PC. It is evident from the above-mentioned results that the clearance of parasitemia by various formulations of liposomal monensin depends on the lipid dose, lipid composition, and density of PEG layer on the surface. The differential action of monensin (in various liposomal formulations) might be due to the variation in the extent of the release of liposomes from the site of injection to the blood and distribution to various organs (liver, spleen, lung, kidneys, and brain). Therefore, we investigated the retention of liposomes in plasma and different tissues at different time intervals after subcutaneous administration in uninfected and infected mice (30 to 35% parasitemia) of P. berghei NK65. In this study, conventional liposomes and sterically stabilized liposomes with 5 mol% PEG 2000 were labeled with fluorescent lipid NBD-PC (1 mol%) as a marker for detection, as shown in Fig. 8A . In normal mice, the formulation of SPC:Chol liposome in plasma reached a peak level after 4 h of injection and declined rapidly thereafter. In contrast, SPC:Chol liposome with 5 mol% PEG 2000 showed a peak between 4 and 12 h with a progressive decrease in fluorescence intensity and remained in the blood for up to 24 h. However, PA liposome and SA liposome attained a peak at 1 to 2 h and remained in the blood until 12 h with a reduced fluorescence signal. A similar pattern was observed in P. berghei-infected mice. Notably, higher fluorescence intensity was observed in the whole-blood pellets of infected mice than that in normal mice (data not shown). However, PEG liposomes showed 2-fold enhanced retention in the liver at 4 h compared with conventional formulations in infected mice (Fig. 8B) . Overall, the longevity of PEGylated formulations with a maximum density of PEG (5 mol%) was retained in blood circulation, which strongly correlates with a pharmacological effect in clearing parasitemia compared with conventional formulations.
In vitro and ex vivo uptake of fluorescently tagged liposomal formulations by different stages of P. falciparum in culture and P. berghei-infected erythrocytes. To determine the uptake of SA liposome and PEGylated liposome in infected erythrocytes and uninfected erythrocytes, the intracellular concentrations of coumarin-6 (C-6)-labeled liposomes were measured in asynchronized culture at different time intervals, as shown in Fig. 9A . Under in vitro conditions, fluorimetric analysis showed that the level of intracellular fluorescence increased with time, and maximum uptake was observed at 4 h. Fluorescence microscopy showed that nanosized C-6-labeled liposome alone (Fig. 9B ) and dually labeled fluorescent liposome (R18 and calcein) (Fig. 9C) were preferentially colocalized inside infected erythrocytes compared with un- infected ones. Under ex vivo conditions, a similar pattern was observed with preferable localization in P. berghei-infected mouse erythrocytes compared with uninfected RBCs (Fig. 9B and C) .
DISCUSSION
Our results clearly demonstrate the antimalarial activities of various liposomal formulations composed of natural lipids, making them a suitable delivery vehicle for monensin under in vitro and in vivo conditions. The liposomal formulations of monensin developed in this study have efficacy superior to that of free monensin. We observed that free monensin and various formulations of liposomal monensin are highly potent compared with standard antimalarials (artemisinin and chloroquine) (Fig. 2) . The antimalarial activity of monensin may be due to the alkalinization of parasite food vacuoles (12) (13) (14) and the induction of eryptosis, which leads to cell membrane scrambling and cell shrinkage in infected erythrocytes (39) . As reported earlier, free monensin does not cause any hemolytic activity up to a concentration of 10 M in uninfected RBCs (39) . This suggests that the inhibitory effect of various formulations of monensin toward infected RBCs is independent of hemolysis. The degree of specificity of monensin toward the antimalarial activity of infected erythrocytes has been studied using lipid membrane models (40) . Our results indicate that the enhanced antimalarial efficacy of monensin in liposomal formulations is due to preferential internalization of liposomes by parasitized RBCs (Fig. 9) . The preferential interaction of liposome with infected erythrocytes might be due to a decrease in surface pressure that promotes its cellular uptake.
There was considerable suppression of parasitemia when monensin was administered in stearylamine liposomes (Fig. 3) . Positively charged stearylamine has been shown to induce the release of intravesicular contents when fused with the erythrocyte membrane (41) . Nonselective binding of SA liposome toward normal erythrocytes is due to a negatively charged RBC surface membrane composed of sialylated glycoproteins (42) . The enhancement in adsorption or binding of liposomes to infected erythrocytes may be facilitated by the electrostatic interaction of positively charged SA liposomes with the negatively charged surface of infected RBCs that have elevated levels of phosphatidylserine (PS) on the outer membrane (43) . This interaction may lead to membrane disruption and cell death. This is in agreement with our previous report that showed that SPC-stearylamine liposomes alone without monensin inhibited the growth of P. falciparum in culture (36) . We have shown that the circulatory life of monensin can be substantially modulated using polyethylene glycol-modified lipids without causing toxicity (Fig. 4 and 5) . It has been reported that the interaction of liposomes with mammalian cells is highly dependent on the surface charge, PEG density, and chain length (44) . An increase in PEG density from 0.5 to 5 mol% plays a significant role by hindering the attraction of serum proteins (opsonins), and the thickness of the polymer layer further decreases the uptake by macrophages, thereby enhancing circulation time (45) . Surface modification of liposomes with PEG lipids of different molecular weights (i.e., chain length) has been shown to prolong circulation time in the blood and prevent their uptake by the liver and spleen (46, 47) . Our results showed that modifying the liposomal surface structure with different densities of DSPEmPEG 2000 enhanced the antimalarial efficacy of liposomal formulations compared with that of free monensin. Our biodistribution studies with fluorescently labeled liposomes demonstrate that an increase in PEG density from 0.5 to 5 mol% on the liposomal surface prolongs their circulatory life in the blood (Fig. 8A) . Therefore, the incorporation of PEG by varying its density on the surface can significantly increase its circulation time, modulate the release profile of the drug at the site of infection, and facilitate greater interaction with infected RBCs, resulting in the suppression of parasitemia to a greater extent (48) . These results are consistent with an earlier study that showed that the addition of PEG moiety facilitates an enhancement of fusion capacity to P. bergheiinfected erythrocytes in the presence of Ca 2ϩ with lesser interaction with normal RBCs (49) . Our results indicate that interaction of PEG-grafted liposomes with infected RBCs depends on the density of polymer (mol%) and optimal chain length (Fig. 4) . This is in agreement with a report that shows that the increase in PEG density disrupts the integrity and stability of the lipid membranes (48) . Evidence suggests that excess PEGylation can inhibit cellular uptake, thereby reducing therapeutic potential (50) .
It appears that liposomes with prolonged circulatory lives are efficient in delivering monensin to parasite-infected erythrocytes under in vivo conditions. These observations are also in agreement with a previous study in which recombinant human tumor necro- 
